Introduction
Humankind wonders about the functioning of the universe that uses the mathematics as a language to explain itself. Researchers have been trying to understand the mechanisms of the processing inputs and generating outputs, also known as causality or causal nexus, for a very long time in numerous areas, as subsets of the universe. When the relationship between the cause and the effect is not clearly and sufficiently understandable but intuitively existing, statistics help the scientists to receive more information about the process and beat the curiosity.
In the last few decades electrospinning process with its character of covering different scientific branches is one of the most popular research areas and it has been extensively investigated due to the corresponding curiosity. The electrospinning process is defined with different aspects in a large number of publications by numerous researchers (Bognitzki et al., 2001 , Ramakrishna et al., 2005 , Cengiz et al., 2009 , Luo et al., 2012 . This quite simple basis of the process which uses an electrostatic field to draw fibers in micro or nanoscale from different solutions or melts is used in various versions (Mitchell and Sanders, 2006 , Liu et al., 2008 , Varabhas et al., 2009 , Sarkar et al., 2010 , Forward and Rutledge, 2012 , Tong and Wang 2013 , Jiang et al., 2015 , Zhao et al., 2017 , Rasel and Rizvi 2017 , Ma et al., 2017 , Xu et al., 2017 .
The influencing parameters of electrospinning can be considered in three main groups: Parameters of the solution or melt (concentration, viscosity, conductivity, surface tension etc.), parameters of the process (applied voltage, processing distance, flow rate etc.) and parameters of the surrounding environment (temperature, humidity, pressure etc.) (Coles et al., 2010) . In some studies, the effect of only one chosen parameter was investigated (e.g. electric current (Kim et al., 2004) , solvent (Wannatong et al., 2004) , molecular weight (Koski et al., 2004) , electric field (Carnell et al., 2009) , solvent conductivity (Uyar and Besenbacher, 2008) , humidity (Huang et al., 2011 , Tanaka et al., 2016 , pH (Bang et al., 2012) , surfactant (Fang et al., 2017) , chain length of cross-linker (Quinn et al., 2017) , molecular orientation ) and in some studies, the effects of multiple influencing parameters were analysed (Sencadas et al., 2012 , Han et al., 2014 , Colmenares-Roldán et al., 2017 , Ren et al., 2017 . In a few studies, the size of the collector was considered as an input parameter (Ali et al., 2014, Khamforoush and Agha-Moalapour, 2016) . However, there is no other study in our knowledge, which is dealing with the effects of collector types through consecutively defined experimental designs.
There are many studies in which many different experimental modelling techniques were used, integrated with statistical approaches. Whilst in these studies the electrospinning process was systematically investigated with various input parameters, some results were contradictory. The concentration of the solution was found being the much significant factor influencing the diameter of the generated fibres with a high consistency (Saligheh et al., 2015 , Hakkak et al., 2015 , Su et al., 2015 , Doustgani, 2016 . In contrary, there are a lot of different interpretations about the effect of applied voltage (Ahmadipourroudposht et al., 2015 , Khanlou et al., 2015 , processing distance (Dehghan et al., 2016, Svinterikos and Zuburtikudis, 2017) or flow rate Anandhan, 2015, Albetran et al., 2015) . The observed morphological properties from different polymer solutions through several experimental methods are listed in Table 1 and the significance of most popular processing parameters in the resulting mathematical models from these different experimental studies are summarized in Table 2 . The results of this study are also included in both tables. In order to categorise the effects in Table 2 , the following terms are used: Significant effect (++), less significant effect (+), secondary effect (-) and insignificant effect (--). There is one term that needs to be explained: Secondary effect means, the related parameter has an effect on the output parameter, either with partially low correlation or over an interaction effect with an input parameter, which has a significant effect on process outputs (e.g. the effect depending on the concentration).
In this study, an experimental investigation has been carried out with two different collectors to define the effect of the collecting method to the process outputs. In order to collect information for the moving collectors, the first collector is a drum, which is considered as the moving collector with a rotational motion. Furthermore, to obtain information about motionless collectors, the second collector is chosen as a stationary plate. Two successive Taguchi experimental designs have been used to analyse the effects of the input parameters, such as concentration, applied voltage, needle-to-collector distance, flow rate and the rotational speed of the collecting drum, onto the output parameters namely diameter of generated nanofibers and its standard deviation. However, the rotational speed is naturally eliminated in the experimental design for the collecting plate. Since poly(vinyl alcohol) (PVA) is widely used in a great number of laboratory applications such as tissue engineering, filtration, drug delivery or sensors, the results of this study may help the researchers to choose both the parameters and the appropriate collecting method.
Materials and methods

Polymer solution
Poly(vinyl alcohol) (PVA) as granules (ZAG PVA BP17, Turkey) is obtained and used without additional purification or any further treatment. Polymer and distilled water were weighed on a precision scale according to the intended concentration (w/w %). PVA is dissolved in distilled water at 85°C under regular stirring with magnetic stirrer between 5-7 hours until a visually bubble-free homogenous mixture was obtained. The mixture was stirred without any further heating at room temperature. The obtained mixture was held in a dark and cool (under 25°C) container for at least 12 hours before it was used in the experiments.
Electrospinning
A vertical set up laboratory scale electrospinning unit (NanoSpinner 24, Inovenso, Turkey) was used for the experiments (Fig. 1, Fig. 2) . It was the same device which was introduced in another paper (Düzyer et al., 2013) . The electrospinning device allows us to use two different collectors through a mechanically uncomplicated changeover process, without being forced to change any other component or parameter of the device. The generated nanofibers are agglomerated onto an aluminium foil, which is covered over the related collector. The process has lasted 60 minutes for the samples of collecting drum and 30 minutes for the samples of collecting plate. Çavdar and Uğuz, Mechanical Engineering Journal, Vol.6, No.1 (2019) [DOI: 10.1299/mej.18-00298] 
Experimental design and statistical evaluation
In this study, Taguchi experimental design was used to analyse the effect of the input parameters and to clarify the effect of the collecting method on nanofiber diameters and their standard deviations. The method provided reliable results over a few number of experiments, which was much less than the necessary number of experiments for the full factorial experimental design (Yeoh et al., 2009 , Tehrani et al., 2010 , Gómez-Tejedor et al., 2011 , Senthil and Anandhan, 2015a .
The Taguchi orthogonal arrays L18 (3 5 ) and L9 (3 4 ) were used for the electrospinning setups with the rotating drum Table 2 The effects of the solution parameters and processing conditions, on the morphological properties, such as nanofiber diameters and/or its standard deviation (++ significant effect, + less significant effect, -secondary effect, --insignificant effect, empty: not available, * means the effect on SD). Çavdar and Uğuz, Mechanical Engineering Journal, Vol.6, No.1 (2019) [DOI: 10.1299/mej. and the stationary plate, respectively. Levels of the parameters in both experimental sets were the same with low-mid-high points in which for each parameter the intervals of the midpoints to upper and lower limits were equal. The input parameters for the former orthogonal array were (1) weight percent of PVA in aqueous solution, (2) applied voltage, (3) the distance between needle and collector, (4) the flow rate of the polymer solution and (5) the rotational speed of the collecting drum. Since for the latter setup, the rotational speed was not applicable, the number of the parameters was four. The parameters and the levels are listed in Table 3 . In this study, the Taguchi experimental approach was used to determine the significance of the input parameters according to their impact on the output parameters using range analysis and graphical interpretations. The signal to noise (S/N) ratio was employed together with the orthogonal arrays in the Taguchi experimental method, demonstrates the averages as well as the fluctuation of the output parameter, thus it is taken as the objective function (Patra et al., 2009) . S/N ratios were calculated on the basis of smaller-is-better approach through the following equation,
( 1) where is the measurement results of involved output parameter from .st experiment of the related orthogonal array, the index represents the number of measurements in the corresponding .st experiment, is the number of measurements, which was 200 for each experimental series.
The obtained data from the experiments and the measurements were evaluated using SPSS (IBM Corporation, New York, SPSS Statistics v22) and Minitab (Minitab Inc., Pennsylvania, Student Version) software.
Morphology of the nanofibers
Morphological investigations of the manufactured substrates were conducted on the images which were obtained through a scanning electron microscopy (SEM, Carl Zeiss Evo 40, Bursa Uludag University, Turkey) after a gold sputtering process using a gold-palladium thin film coater (BAL-TEC SCD005, Bursa Uludag University, Turkey). For the morphological observations on the SEM micrographs, from every sample, a small rectangular part (1.0 cm x 1.5 cm) was cut at the central zone of the aluminium foil.
Measurement of nanofiber diameters
ImageJ 1.46r (National Institutes of Health, USA) software was used to measure the diameter of the nanofibers from the SEM images of the samples, which were produced for the sets of parameter combinations that were repeated three times. From each sample i.e. from every SEM image, 200 different diameters were measured. Since four measurements at different locations were performed along the nanofiber axis of every measured nanofiber, the average diameter includes a minimum of 50 diverse nanofibers of the related sample (Fig. 3) . Standard deviation and S/N ratio of nanofiber diameters were calculated over 200 measurements.
Results and discussion
Morphology of the nanofibers
Based on the orthogonal arrays, 54 and 27 sets of experiments were conducted for the electrospinning setups with the collecting drum and the stationary plate, respectively. Only one parameter combination failed to produce nanofibers for the former setup, while for the latter, all parameter combinations generated nanofibers successfully. Examples of the morphological observations are shown on Fig. 4 and Fig. 5 and results are listed in Table 4 and Table 5 from the experiments with the collecting drum and the stationary plate, respectively. Çavdar and Uğuz, Mechanical Engineering Journal, Vol.6, No.1 (2019) [DOI: 10.1299/mej.18-00298] 
Diameter of the nanofibers
Since the main aim of this study was to investigate the importance of the effects of the input parameters on the nanofiber diameters, in order to detect the influence of the collecting method, in the first instance the range analyses were conducted. As the most influencing parameter was induced the highest variation, in the range analysis the parameters were ranked according to intervals which were based on the obtained diameters. The results of the range analysis for both collecting methods related to the nanofiber diameters are presented in Table 6 .
The input parameter which has the most effect on the nanofiber diameters is the concentration of the polymer solution for both types of collectors (Table 6 ). This fact was proved many times in various studies (see Table 2 references).
According to the results of the range analysis, the rotating drum produced thinner nanofibers (average diameter 252.25±57.70 nm) than the stationary one, whose average nanofiber diameter of the whole samples was 284.19±63.68 nm, for the same conditions (Fig. 6 ). This is an expected consequence of the rotational movement of the collector and accordingly causing a drawing and winding effect on the nanofibers towards the collecting drum. Therefore the second effective parameter on the nanofiber diameters for the collecting drum was the rotational speed of the cylinder. This intuitively appropriate result appeared to be contradictory to the results of Ahmadipourroudposht et al. (2015) .
Considering the delta values (Table 6 ), the effects of flow rate and applied voltage on the nanofiber diameters at collecting drum are close to each other, thus, the ranks of third and fourth can be reasonably considered to be interchangeable when the potential measurement failures are taken into account. Whereas, the applied voltage is the second and the flow rate is the third effective input parameter on diameters of the stationary plate samples. Compared with the collecting drum ranking results, the deltas of these two parameters; namely the applied voltage and the flow rate, were not in similar proximity. The applied voltage and the flow rate were found as significant parameters in some studies; however, they were interpreted as insignificant parameters in several studies (Table 2 ). In this study it was found that the flow rate has a secondary effect and the applied voltage has a less significant effect on nanofibers diameter both over the effects on the standard deviation of the nanofibers diameter for rotating drum samples ( Table 2) .
The main effect plots (Fig. 7) show the different effects of applied voltage and flow rate on nanofiber diameters by different collector types. In contrast with the main effect plot for collecting plate, both parameters have similar effects on the diameter for collecting drum. There is a clear effect of the voltage on the nanofiber diameters of the samples from collecting plate; increasing the voltage caused an increase of the nanofiber diameter. Inversely, increasing the flow rate up to 1.5 ml/h induces a decrease of the diameter, subsequently loses its effect and the diameter values are almost constant or have a tendency to increase. On the basis of this fact, it can be assumed that the effects of the parameters on the nanofiber diameters are highly influenced by the type of the collector, even if all the other features of the electrospinning process remain unchanged and the setting values of the parameters are kept the same. Table 6 The results of the range analysis relating to the nanofiber diameters for the both collecting methods (S/N: signal to noise ratio). The distance between the needle and the collector is ranked as last significant parameter with the smallest delta for both collector types. Since the distance has an influence on the strength of the electric field and therefore on the stretching of the solution jet, it was concluded as a significant (++) or less significant (+) parameter in more than half of the studies (9/14  64%) which are reviewed in this paper, where the distance was investigated for its effect as an independent process parameter. However, in 36% of these studies (5/14), the distance was evaluated as an insignificant Çavdar and Uğuz, Mechanical Engineering Journal, Vol.6, No.1 (2019) [DOI: 10.1299/mej.18-00298] factor on the related output parameter such as nanofiber diameter (Gómez-Tejedor et al., 2011) or the percentage of the porosity (Tehrani et al., 2010) .
Standard deviation of the nanofiber diameters
Standard deviation (SD) which indicates the variation of the measured nanofiber diameters is a crucial parameter for some applications of the nanofibers. In the application field of tissue engineering, the homogeneity of the pore size is controllable by the control of the standard deviation of the nanofiber diameters of the related substrate, which is used as a scaffold (Patra et al., 2009 ). SD of nanofiber diameter was investigated in 63% of the reviewed papers in this study.
If the collector is a moving type, the forming nanofibers will be drawn while collecting. The average standard deviation of the samples from the collecting plate (41.39 nm) is higher than the samples from the collecting drum (27.34 nm) (Fig. 8) . Since the plate is a stationary collector, this result can be considered as a consequence of the drawing effect of the rotational movement. A similar effect is observed for the average nanofiber diameters, as discussed above.
In order to examine the effect of the collecting method on the SD of nanofiber diameters, the contour plots for different interactions of the input parameters were analysed. It can be seen from Fig. 9 that, the effects of the parameter increase, as well as the decrease, are substantially similar for both types of collectors. Since the most effective parameter on nanofiber diameters is the concentration, the interaction effects on the SD are primarily considered on the basis of the concentration (Fig. 9) .
Interaction effects of the concentration vs. the other parameters on the SD
It is remarkable that the low standard deviation regions are similar for both types of collectors. The increase or decrease of the SD by a certain parameter effect occurs to a great extent in the same direction. This conclusion may be more clearly understood when certain parameter values are used for interpretation as follows:
-When the concentration was kept constant at 12.5%, which is the medium value of the parameter in this experimental design, the increased value of the voltage increases the SD of the nanofiber diameters for both types of collectors in a similar manner (Fig. 9, A1 and A2 ). This can be attributed to the fact that the nanofibers were pulled rapidly into the electrostatic field when the voltage increases. Depending on the composition of the solution, this effect also influences the amount of the polymer chains drawn into the electrostatic field. Consequently, variations may occur in the nanofiber diameters. -In contrast to this effect, the increased distance decreases the SD (Fig. 9, B1 and B2 ).
-When the flow rate is taken into consideration, it has been observed that SD increases by a certain value of the flow rate and decreases after a peak region. This behaviour is also similar for both collector types (Fig. 9, C1 and C2). -On the other hand, when the voltage is held constant at the medium value (17.5 kV) it is observed that the increased concentration decreases the SD for the moving collector, whereas that increases for the stationary collector (Fig. 9, A1 and A2 ). This opposing result is considered to be related to the effect of voltage on the nanofiber diameter, which varies for different types of collectors (Fig. 9 ). -In the case, where the distance is kept constant at the medium value of 10 cm, the increased concentration increases the SD regardless of the collector type (Fig. 9, B1 and B2 ). -As the flow rate is kept at the medium value (1.5 ml/h), the effect of increasing concentration on SD is initially in the direction of increase, however, when the concentration is higher than the medium value, it turns back to the decreasing direction. This result can be observed in the peak region formed around the middle values of both parameters (Fig. 9, C1 and C2). Çavdar and Uğuz, Mechanical Engineering Journal, Vol.6, No.1 (2019) Fig. 9 Contour plots regarding the effects of each input parameter on the standard deviation in interaction with the concentration.
Interaction effects of the other parameters on the SD
The effects of the rest of the parameter interactions on the SD are examined with the same procedure.
Regardless of the collector type, by the fixed medium value of voltage (17.5 kV), the increased distance decreases the SD, whilst by the fixed medium value of distance (10 cm), the increased voltage increases the SD (Fig. 10, D1 and D2 ). -When the voltage is held at 17.5 kV the increased flow rate firstly decreases and substantially increases the SD for the collecting drum. Dissimilar to this behaviour the SD increases with the flow rate at the constant medium value of voltage (17.5 kV) for collecting plate. Nevertheless, SD increases with the voltage at the constant median value of flow rate (1.5 ml/h) for both types of the collectors (Fig. 10, E1 and E2 ). -At the distance of 10 cm, the increased flow rate decreases the SD while at the constant flow rate of 1.5 ml/h, the increased distance decreases the SD (Fig. 10, F1 and F2 ). Contour Plot of Std. Dev. vs Concentration (w/w%); Flow Rate (ml/h) Çavdar and Uğuz, Mechanical Engineering Journal, Vol.6, No.1 (2019) Fig. 10 The other interaction effects on the standard deviation.
Conclusions
In this study, the effects of collecting method on nanofibers diameter and its standard deviation (SD) have been investigated. In order to gather information about the effects of movable and motionless collectors, a rotating drum and a stationary plate are selected for the electrospinning process set-ups respectively and the samples are produced according to two successive orthogonal arrays of Taguchi experimental design. Subsequent to measuring the nanofibers diameters the results have been analysed by range analysis and graphical interpretations.
As results of the obtained findings, the following conclusions can be evaluated:
The effects of the parameters on the nanofiber diameter are highly influenced by the type of the collector. In this study the related conclusion is apparently observed for the effects of the voltage and the flow rate on the nanofiber diameters for two different types of collectors, despite all parameters are kept at the same level.
By the range analysis of the data from the collecting drum, the deltas which specify the variation of the output parameter -namely the nanofiber diameter-caused by a certain input parameter are found to be in close levels for the voltage and the flow rate. For the rotational collectors, it could be concluded that the degree of influence of both parameters on the nanofiber diameters are approximately similar. However, for the stationary plate this observation cannot be confirmed with same proximity.
It is also observed that the motion of the collector has a distinctive effect on the diameter of the nanofibers. The stationary collector has produced thicker nanofibers with higher standard deviation, whilst the moving collector has produced thinner nanofibers with lower standard deviation for the same parameter settings. These results can be attributed to the drawing effect of the collector movement on the nanofibers during the process. In consideration of these findings, using moving collectors can be suggested especially in the application areas such as tissue engineering or medical filtering, where the variation of the nanofiber diameter is of great importance (Düzyer et al., 2013) . In accordance with the results of the range analysis, it can be assumed that the rankings (the order of importance) of the parameters are similar or close in both types of collectors. However, this conclusion does not mean that the effects of a particular parameter on the diameters of the nanofibers to be equal.
It has been found that the effects of a parameter increase and decrease on standard deviation are reasonably parallel for both types of collectors. The direction of decrease or increase of the standard deviation is similar. Nonetheless, it should be noted that the amount of increase or decrease of the standard deviation is different for different collector types.
The investigation about the effects of the collecting methods on the pore size and the porosity of the generated nano fibrous substrates is defined as the future work of this study. In some aforementioned research areas, the pore size is the most critical parameter and it has to be tailored and controlled. In order to choose a most appropriate collecting method, the relationship of the output parameters as well as the findings of this study can be taken into consideration.
In order to apply the causality principle on the phenomenon in nanoscale, more and more independent process parameters have to be controlled. Otherwise, many issues would arise about the comparability of the different results from several statistical studies while defining the causal relations of the process.
Since it is known that the principle of causality is not directly applicable to the phenomenon in atomic or subatomic scale (Reichenbach, 1998) , in other words, "it is shown to be in no sense compatible with quantum physics" (cf. Reichenbach, 1998) and the literature about the statistical analysis of the electrospinning process contains partially controversial results about the effects of some processing parameters (Table 2) , the study may open a discussion about the limitations on the applicability of the causality principle in the fields which involve in nanoscale.
